A B S T R A C T Giant cell tumors of bone dissociated by collagenase digestion were found to be composed of four different cell types defined by morphology, growth in culture, and pattern of staining with monoclonal antibodies. selected for the presence of Ia antigens proliferate in culture. A fourth population of cells lacked Ia and monocyte lineage antigens, but showed pronounced intracellular staining for acid phosphatase. These cells had a distinctive plump epitheloid to fibroblastoid morphology and were readily established in long-term culture where they gave rise to large multinuclear Ia(-) cells containing acid phosphatase. The possibility is discussed that the cell types of these tumors relate to various stages in the development of osteoclasts from precursors in the mononuclear phagocyte lineage.
A B S T R A C T Giant cell tumors of bone dissociated by collagenase digestion were found to be composed of four different cell types defined by morphology, growth in culture, and pattern of staining with monoclonal antibodies. Giant cells comprised an average of 0.8% of the cells recovered, with the remainder consisting of small stromal cells. Of the giant cells, 20-57% expressed Ia antigens, while all lacked IgG Fc receptors and five differentiation antigens associated with mature members of the monocyte-macrophage lineage (MOS-1, M4P-9, MOP-15, M4S-39, and 63d3).
One antigen, M4U-50, found on early monocytoid forms was expressed on Ia+ giant cells. 6-36% of the remaining stromal tumor cells formed a second subpopulation that assumed either a rounded or elongated shape in culture. These cells bore Ia antigens, IgG Fc receptors, and five antigens of the monocyte-macrophage lineage usually found on blood monocytes. However, these cells differed from monocytes or macrophages in that the antigen MOR-17 generally found on tissue macrophages was absent, and the M4U-50 antigen present on more primitive cells was well expressed. A very limited endocytic capacity was demonstrable. A third population of up to 24% of the tumor cells was defined by the presence of intense staining for Ia antigens but the absence of antigens of mature monocytes. A proportion of these cells expressed MOU-50 and a minority had IgG Fc receptors.
The two Ia(+) populations of stromal cells were not identifiable after 2 wk of culture, nor did tumor cells Received for publication 8 November 1982 and in revised form 23 February 1983. selected for the presence of Ia antigens proliferate in culture. A fourth population of cells lacked Ia and monocyte lineage antigens, but showed pronounced intracellular staining for acid phosphatase. These cells had a distinctive plump epitheloid to fibroblastoid morphology and were readily established in long-term culture where they gave rise to large multinuclear Ia(-) cells containing acid phosphatase. The possibility is discussed that the cell types of these tumors relate to various stages in the development of osteoclasts from precursors in the mononuclear phagocyte lineage. INTRODUCTION The unusual morphological features of the giant cell tumor of bone have made it the subject of numerous studies since its classic description by Jaffe et al. (1) .
The tumor is characterized by large multinucleated cells distributed amongst numerous distinctive stromal cells that are smaller and morphologically uniform. The giant cells contain relatively large amounts of acid phosphatase and other hydrolytic enzymes (2) . Recently, smaller amounts of acid phosphatase have been identified in the stromal cells (3) . The similarity of the giant cell to an osteoclast both in morphology and enzyme content has given rise to the conjecture that the cell is a neoplastic variant of an osteoclast, and the tumor is sometimes termed an "osteoclastoma" (2, 4, 5) . However, other theories viewed the giant cell either as a reactive cell similar to the macrophage-related giant cell or to a normal osteoclast, or alternatively as derived from the stromal cell, while the stromal cell itself was considered to be the primary tumoral ele-ment (2, 3, 6) . The general nature of the tumoral cells and their relationship to normal cells remains relatively obscure and information on the more specific types of cell markers in the giant cell tumor is lacking.
Recently, a number of monoclonal antibodies have been described that detect surface antigens exclusively or predominantly expressed on the mononuclear phagocyte lineage (7) (8) (9) . The (10) .
The purpose of the present investigation was to initiate the analysis of the cell surface phenotype of both the stromal cells and the giant cells using antibodies to Ia/DR and monocyte differentiation antigens. Aspects of the biology of the tumor were investigated with emphasis on the nature of different stromal cell populations, their relationship to the giant cells, and possible analogies with normal cell lineages.
METHODS
Patient population. Five patients with giant cell tumors of bone were studied. The diagnosis was made according to criteria previously described (1, 11, 12) . The tumor tissue was obtained during surgery and was in excess of that required for diagnosis. The tissue samples from patient 1, 2, 3, and 4 were obtained at primary surgery, and in patient 5 from a recurrent tumor.
Processing of tissue. The cell isolation procedure was modified from one described in greater detail elsewhere (13) .
Tumor tissue was dissected free, finely minced in medium RPMI 1640 and mixed with 20 vol of medium RPMI 1640 containing 1 mg/ml collagenase (Sigma Chemical Co., St. Louis, MO) and 0.15 mg/ml deoxyribonuclease (Sigma Chemical Co.). After constant stirring for 60 min at 37°C in a small spinner flask, the cell suspension was filtered through a nylon sieve with a pore size of 250 tim (Tetko, Inc., Elmsford, NY). Subsequently, the cell suspension was purified by centrifugation upon a Ficoll-Hypaque density gradient. Cells were harvested from the interface, washed three times in phosphate-buffered saline (PBS) and stored in medium RPMI 1640 supplemented with 10% fetal calf serum until used.
Cell culture. Cell cultures were initiated on small round coverslips (Bellco Glass, Inc., Vineland, NJ) in 24-well culture plates (Linbro Chemical Co., Hamden, CT) in medium RPMI 1640 supplemented with 10% fetal calf serum at a cell concentration of 0.2 X 106 cells/ml. After reaching confluency, the cells were split 1:3. Cells were stained on coverslips at time intervals indicated below.
Histochemistry and cytochemistry. Specimens were fixed in 10% neutral-buffered formalin. The fixed tissues were either embedded in paraffin for routine sectioning or dehydrated in a series of increasing methanol concentrations for embedding in methyl methacrylate according to the method of TeVelde et al. (14) . Sections (15) were cut at 5
Am thickness and stained for acid phosphatase (16) or alkaline phosphatase (17) . The presence of lysozyme or Factor VIII-related antigen was detected by an immunoperoxidase method (17 (18) . Peripheral blood lymphocyte and monocyte preparations separated as previously described (13) Identification of cell surface antigens. The following monoclonal reagents were used at saturating concentrations for surface antigen identification in indirect immunofluorescence. The anti-Ia monoclonal antibody 22c6 was obtained from an immunization with peripheral blood B cells (19) . The antibodies reacting with antigens on cells of monocyte-macrophage lineage were obtained by immunization with peripheral blood monocytes (reagents M4P-9, MkP-15, M4S-39, and M4R-17), pleural fluid macrophages (MqS-1), and the primitive monocytoid cell line MkU-50) as described in greater detail elsewhere (9, 20, 21) . The antimonocyte monoclonal antibody 63d3 was kindly provided by Dr. J. D. Capra, University of Texas, Southwestern Medical School, Dallas, TX. (7) . The specificities of the antibodies directed to the mononuclear phagocyte lineage are summarized in Table I . The monoclonal antibody T3 reacting with >95% of peripheral blood T cells (22) was purchased from the Ortho Pharmaceutical Co., Raritan, N.J. F(ab')2 fragments of the rabbit anti-Ia serum 962 were conjugated with fluorescein isothiocyanate. This reagent was characterized previously (23) . An F(ab')2 preparation of the immunoglobulin fraction was conjugated with fluorescein isothiocyanate and absorbed with T lymphoblastoid cell lines. The anti-human surface immunoglobulin reagents consisted of a mixture of F(ab')2 reagents separately specific for mu or delta determinants (23) . IgG Fc receptors were detected by indirect immunofluorescence using 1-5 ,ug of purified aggregated human IgG in the first stage per 100,000 cells and F(ab')2 fragments of goat anti-human IgG Fc in the second stage (24) . Immunofluorescence. The above described monoclonal reagents were used in indirect immunofluorescence with an F(ab')2 preparation of rabbit anti-whole IgG fraction of mouse ascites fluid that was conjugated with tetramethyl rhodamine isothiocyanate (19) . Double staining was performed by adding the rabbit anti-mouse Ig reagent and the fluorescein-tagged hetero anti-Ia reagent at the same time (19) . Slides were examined using incident illumination in a fluorescence microscope (E. Leitz (Becton, Dickinson & Co.) as previously described usinlg antibodies conjugated with fluorescein isothiocyanate (13) . The enumerations were performed under the following conditions: fluoresence gain 1 X 0.5, photomultiplier tube 590 V and 300 mW laser output. Higher gains were uised to ascertain if dimly stained populations were present. Cultured cells were stained on coverslips modifying a method previously described (25) . Coverslips were taken out of the 24-well culture plate, and cells were reacted with 75 ,ul of culture supernatants containing monoclonal antibodies, in a moist chamber at room temperature for 30 min. Subsequently, the coverslips were washed four times in Hanks' balanced salt solution (HBSS) and an appropriate dilution of the developing rabbit anti-mouse antiserum conjugated with rhodamine was added. After 20 min the coverslips were washed three times in HBSS, and after a final wash in PBS containing 0.2% sodium azide, the coverslips were mounted upside down on slides in 100% glycerol. After staining, the number of positive cells was immediately evaluated as described above. If evaluation was delayed, a parallel sample was fixed with 1% formalin added to the last wash. In a series of experiments, cells from patient 4 were incubated with l.1-,um diam latex particles (Dow Chemical USA, S. Plainfield, NJ) as described (23) in fresh cell suspensions and after 18 and 36 h of tissue culture, stained as described above, and the percentages of phagocytic cells (>5 particles ingested) in positively and negatively stained cell populations were determined.
Fluorescence-activated cell sorting. In experiments designed to separate cells expressing Ia antigens or the monocyte antigen detected by reagent MOS-1, 5 X 10' cells were labeled with 40-50 ug of monoclonal antibody supernate (22c6 or M4S-1, respectively) and developed with 40 ul of the fluorescein-labeled rabbit anti-mouse IgG reagent (1.5 mg/ml). Cells from patient 4 were separated on the FACS IV using a 70-am nozzle orifice under sterile conditions into the antigen-positive or antigen-negative populations (13) . Postsort viability was 95%. Verification of the sort by examination of aliquots of both samples revealed >98% purity of each sample. Cells were subsequently cultured and stained as described above.
RESULTS
Cells eluted from giant cell tumors display a heterogeneous morphology. Immediately after collagenase digestion, 0.7-0.9% of the cells were uniformly round, possessed from 3 to 90 nuclei and were filled with great numbers of small granules (Fig. I A) . Some of these giant cells had thin translucenit protrusions of the cell membraine. The remaining nonigiant stromal cells were frequently round in form with either very large phase dense vacuoles (Fig. 2 A) or numerous small granules (Fig. 2 C) , or alterinatively had a characteristic elongated shape with numerous irregular protrusions ( Fig. 3 A,C) . In all samples the proportion of lymphocytes was <1% as judged by morphologic criteria and determined by a mnonoclonal antibody detecting all T lymphocytes (T3), as well as by staining for surface immunoglobulin.
The forward light scatter histograms illustrated in Fig. 4 (Fig. 1 B) . After Giant Cell Tumor of Bone 72 h of culture the number of the spindlelike cells and of plump epitheloid/fibroblastoid cells (Fig. 6 A) . the round spreading cells rapidly decreased.
Upon confluency these cells closely attached to each After the first passage at 7 d using trypsinization the other, and often it was impossible to discriminate beoriginal giant cells were no longer detectable. After tween cell borders (6 B). After 3 wk of culture large 21 d, the vast majority of the residual cells consisted multinucleated cells (0.5% of cells) with up to 12 or more nuclei appeared. Characteristically, the nuclei of these cells were surrounded by a hem of abundant small granules, and the very thin cytoplasm extended several micrometers onto the surface of the coverslip (Fig. 6 C) .
Histochemical and cytochemical characteristics of stromal cells and giant cells. In the tissue sections, all giant cells and an average of 68% of stromal cells stained intensely for acid phosphatase. 6% of stromal cells showed staining for alkaline phosphatase, and 15% for lysozyme. After 21 d of culture >99% of mononuclear and multinucleated cells gave a positive reaction for acid phosphatase (Fig. 7) . Staining for lysozyme and alkaline phosphatase was detectable in <1% of these cultured cells. Factor VIII-related antigen was demonstrated in <2% of newly dissociated Giant Cell Tumor of Bone Fig. 3 bearing Ia antigens did not express monocyte-macrophage antigens except for the round cell in Fig. 3  (E (Fig. 8) . Table III of culture, 52% demonstrated moderate phagocytosis agents M4P-9 and M4S-1. 70% of these cells had the (-5-10 particles/cell).
typical spreading morphology of adherent monocytes After 72 h of culture an average of 17% of cells bore (Fig. 5) while 30% had an elongated spindlelike apmonocyte-macrophage markers as determined by re-pearance. The number of cells positive for monocyte- macrophage antigens rapidly decreased in culture and they were virtually undetectable after 14 d.
To decide whether the monocyte antigen positive cells had lost the expression of these antigens with further growth in culture, or actually lacked the capacity to proliferate, the tumor cells obtained from patient 4 were separated into M4P-9 monocyte differentiation antigen positive and antigen negative subpopulations utilizing fluorescence-activated cell sorting. An F(ab')2 fragment of the antibody directly labeled with fluorescein was used. Over a period of 21 d no proliferation of the cells bearing the M4P-9 antigen was observed.
57% of MOP-9+ cells freshly selected by the fluorescence-activated cell sorter demonstrated weak staining for acid phosphatase, while the population lacking the M/P-9 had 94% that stained more strongly for acid phosphatase.
In preliminary experiments the possibility was explored that the enzymatic isolation procedure caused an alteration in the cell membrane antigens examined. Portions of tumor 1 and 2 were dissociated by teasing and passing through a stainless steel sieve. The percentage of Ia+ and M4P-9+ cells were not significantly different from values obtained with enzymatically dissociated preparations.
A second subpopulation of stromal cells express Ia antigens but lack monocyte-macrophage markers. In all patients, the number of Ia-positive stromal cells exceeded the number with mature monocyte-macrophage antigens (Tables II and III) . From 1 to 24% of the total cell preparation (patient 3) belonged to the subpopulation of Ia antigen (+) mature monocyte antigen (-) cells. In culture these cells were typically spindle-shaped with prominent nucleoli (Fig.3) . M4U-50 was identified on approximately one-third of the cells in this subset in patients 2 and 4 using doublelabel techniques. Similarly, Fc receptors were identified on one-fifth of the cells in this population. Fig. 9 illustrates the profile of the binding of the anti-Ia antibody of 22c6 to cells from patient 2. 43% of cells showed positive staining. The intensity of Ia antigen staining by antibody 22c6 was considerably greater than the expression of the monocyte antigen M4P-9 (Fig. 9) . Analysis of the light scatter distribution of cells bearing Ta antigens by gating revealed that many of these cells had a large cell size and were found in the channels 200-256. After 72 h of culture the proportion of cells bearing the Ia antigens without mature monocyte antigens was essentially unchanged, but after 14 A major third subpopulation of stromal cells that possesses abundant acid phosphatase and proliferates in culture but does not bear monocyte-macrophage or Ia antigens. An average of 69% of stromal cells lacked the expression of Ta and mature monocyte-macrophage antigens (Table III) . Less (9) , poor phagocytic capacity, and the presence on most cells of an antigenic determinant, M4U-50, characteristic of immature monocytoid cells. For convenience, these cells that account for up to 36% of the tumor will be referred to as "M type" (Table IV) .
Compared with blood monocytes, the amount of Ia and the five mature monocyte-related anigens per cell was significantly enhanced and resembled the levels found in activated monocytes or tissue macrophages.' The M type cell is presumably identifiable with the subset of stromal cells that show certain ultrastructural characteristics of macrophages described by Asparisi (26) . In cultures, the M type cells were found either as elongated spindlelike forms, or with a rounded spreading shape resembling the type I phagocytic synovial lining cell (9, 25) . No evidence was obtained indicating that M type cells proliferate in culture even when greatly enriched preparations of these cells were cultured after positive selection by fluorescence-activated cell sorting based on the expression of a mono-'Dimitriu-Bona, A., R. J. Winchester (2) . The giant cells, however, differ from normal osteoclasts in that they do not directly participate in the resorption of bone (27) and manifest ultrastructural differences including a distinctive cell surface fine structure and the lack of the ectoplasmic layer (3) .
The possibility that the giant cells might be reactive rather than neoplastic in origin is suggested by the finding in some inflammatory conditions of giant cells generally similar to those of the tumor derived from small mononuclear precursors (2, 28, 29) . The multinucleate giant cells found in synovial tissues of patients with rheumatoid arthritis are characterized by intense expression of Ia and monocyte-macrophage antigens as well as IgG Fc receptors and phagocytosis (13 In view of the growing evidence that the osteoclast is related to the mononuclear phagocyte series (32) and the classic concept of the giant cell tumor as a neoplastic form of an osteoclast, the unusual antigenic phenotype of the M cell could provide the unifying link between all cell types of the tumor, normal osteoclast differentiation, and the monocyte-macrophage lineage. In this view certain stages in the lineage of normal osteoclasts should be analogous to cell types in the giant cell tumor, and the tumor may prove to be of use in studies of the biology of osteoclast formation. Confirmation of these hypotheses will require further detailed studies including the use of monoclonal antibodies raised against each of the tumoral cell types of this curious tumor.
